ght lav

iaterial may be protecteg &
1 iTicke 17 UL, Couepr

May/June 1987

EOWIN G, SEHWAAT

{7 '{BFT. ?

2
S

May/June 1987

ERY S s e v o'f-a: G R "?“"?,‘" ,g‘%w
Determining Bisk

gy

by Wesley L. Nyborg

Ultrasound is used widely for medical
yphcations, and continued research in
is area is much needed in order to
define, improve, or extend the applica-
tions. Whﬁe important investigations
can be carried out by using small
animnals or other systems as experimen-
tal models, the fipal evaluation of
clinical techniques must be done with
humans subjects. This article will
provide seine information which, it is

oped, will be helpful to members of
Institutional Review Boards (IRBs) in
reviewing proposals for research in
which human volunteers receive expo-
sute to ultrasound,

B
i

Ultrasound and its
Medical Applications

Ultrasound is a form of sound; that
is, it is 8 mechanical disturbance that
passes through air, water, humen tissue,
or other media, causing temporal
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" regular rate (the fre _
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variations of pressure as it does so. In
a continuous-wave sound field the
pressure at any point rises and falls
cyclically many times per second at.a
uency), measured
in
average human ear if its frequency les

between about 20 Hz and 20,000 Hz, -

The sound is ‘considered to be ultra-
sound if its frequency is above the
audible limit. In medical applications of
ultrasound the frequency typically lies
between one and ten milllon hertz, Le,
between 1 MHz and 10 MHz. (See Table
lonpage2) . - v
Ultrasound is used medically for beth
therapeutic and diagnostic. purposes.
For ci?cades, physical therapists have
employed uitrasound to stimulate
repair of soft-tissue injuries and to
relieve pain. Heat s generated as
ultrasound passes through tissue, and
is thought to be largely responsible for
its effectiveness in therapy. Heating is
sought deliberately in recent applica-
tions, wheére ultrasound beams are
directed toward specific regions of the
body, in carefully controlled patterns,
in orderto treat tumors with hyperther-

AN

RPN BTN, TENTER

of

" the transinission of short

mia. Nonthermal features of the ultra-
sound (discussed later) are also respon-
sible for biological eftects involved in
some apghqations. ,

While its use in physical therapy first
made ultrasound a part of clinical
practice, it is through diagnostic appli-
‘cations that ultrasound has now
become a major medical technique. As
‘a measute of the phenomenal growth

SR R D the latter applications, sales of

ultrasonic scanners are estimated to
“have increased from $17 million in 1974
to $270 million in 1981, One of the
dominant classes of applications is in
obstetrics, where ulirasound is used to
examine the embryo and fetus at all
stages of gestation, Another important
class of applications is in cardiolagy,
where ultrasound is used as a real-time
tool 1o study the stricture and func-
tioning of the heéart and circulatory
system, Ultrasound has been employed
agnostically for virtually every region
e body, and new applications are
_continuslly Bemg developed.
A primary technique for diagnosis,
the pulsg-echo technique, depends on
ulses of
ultrasound Into a patient’s body and the
reception of echoes reflected from
various ‘anatomical structures. With
modern instruments the pulses are
focused, steéred, and scanned over
regions of interest. Information from
the échoes received Is displayed on a
screen to give an instantaneous view of
structures in the body.

A second technique depends on the
Doppler effect. An ultrasound beam is
transmitted into the body and is
reflected from moving objects, such as
valves of the heart, or red calls flowing
with the blogd in an artery or vein, The
reflected sound differs in frequency
from the criginal by an amount pro-

rtional to the velocity of the object
from which it ig reflected. Instruments
for Doppler studiés provide information
on velocities; presented in a variety of
ways. Techniguss that combine Doppler
and pulse-echo methods are presently
used for studying blood flow in various
parts of the adult or fetal body.

Biological Effects of Ultrasound

Many investigations have been car-
ried out on changes in biological
systems brought about by exposure to
ultragound. Some are baslc studies into
the general principles involved. Others
are directed to therapeutic applications,
and still others are concerned with
possibilities for adverse effects asso-
clated with diagnostic procedures.

The nature and extent of biological
changes produced by ultrasound
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depend on many variables. Results of
experiments dene on living small labo-
ratory rodents (mice, rats, etc.) are qguite
differant from those of experiments done
an cell suspensions contained in test tubes
or other vessels. In rodents, findings
include hind limb paralysis (in neonatal
mice), weight reduction (in mice exposed
in utero) and accelerated repair of
wounds (in perforated rabhit ears). In cell
suspensions the findings have inchuded
change in transport of ions across cell
mem%ranes (rat thymocytes), change in
surface electrical charge (Ehtlich ascites
cells), increased tendency to clump
(human platelets), altered rate of prolif-
eration (Hel.a cells) and lysis (various
cells).

In the in vivo animal studies temper-
ature elevation produced by the ultra-
sound is responsible for many, but not
all, of the cia.nges observed. By con-
trast, temperature elevation can usually
be ruled out as an important factor in
the in vitro experimenis using cell
suspensions; instead, the mechanism
has commonly been shown, or
assumed, t0 be some form of acoustic
cavitation. The latter is a phenomenon
of many complicated aspects, all of
which must be considered in experi-
ments with ultrasound, but not other
radiations. As the term is used here,
“cavitation” involves activity of small
bodies of gas, dispersed in a suitable
medium, when exposed to ultrasaund.
Aqueous media used in experiments
with cell suspensions almost always
contain mieroscopic gas bodies; these
become sites of significant action when
ulirasound is applied, under some
conditions, Acoustic cavitation can
affect cells by relatively gentle mechan-
ical perturbation, by indirect chemical
action through free radicals produced,
or by violent mechanical disruption.
While cavitation has mostly been
observed in liquids, it also eccurs in

organized tissugs, especially plants.

(whese intercellular spaces are ‘filled
with gas) and insects (whose respiration
depends on gas-filled channels), It s not

clear how the results for plarits and '
insects should apply to mammals; since -
for these the mechanisms for gas’

transport (respiratory and circulatory
systerns) arg very different. :
Deleterious consequences of cavita-
tien have been identified in laboratory
animals exposed to ulirasound in some
investigations; however, the experimen-

-tal conditions differed significantly-

from those typical of ordinary medical
practice. There is serious nee?

research 1o determine whether cavita-
tion of any kind occurs in mammals
under conditions used in diagnostic
medicing or in routine physical therapy.

for basic

. Acoustic Parameters

Whiether a biclogical cell, tissue, or
organism is affected by an application
of yltrasound depends not only on the
biolpgical system, but also on physical
characteristics of the ultipsound. Fre-

“quency 15 only one of the important

parameters, Others of egual or greater
significanice are parameters imﬁiatiw:
of the ultrasonic “level.” A basic quantity
for: this purpose is the acoustie pressure,

“ defined for any location and time as the

the frequency s usually
(in 2 Sound field).of thie prégsure from its original

ensity (for 3.
1 the duration c

o is 20 KE

L the range 1 to 10°MHz. -

760() mm Hg, which" V
sea diver at a depth

pressure during a cycle.
luced by the source -

d (@’ situation often approximated
Sy _7¢' cenymeter. is- approximately

sity v(’_fipxj 8 focused bean): Initensity -

focused and pulsed beam):

of apuls

deviation of the pressure produced by
sound, at that location and time, from
the original (atmospheric) pressure. As
the wave passes a point of interest the
acoustic pressure at that point takes on
a range of positive and negative values;
thelargest of these values during a cycle
(for continuous wave ultrasound) or
during a pulse (for pulsed ultrasound)
is called, for present purposes, the
terporal peak pressure and is a possibleg
quantity for characterizing the wltra-
sound “level” at the point in question.
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In an application of therapeutic or

diagnostic ultrasound the prqcédure is
carried out by bringing a source of
ulirasound, the rrarisdiicer, into contact
with the patient in some suitable way.
The ultrasound field produced in the
body of the patient is not uniform but,
instead, the temporal peak  pressure
varies from point to polat. Tn'a focused
field relatively large values oecur in the
foca] region. . I
- While acoustic pressure is & suitable
guantity for characterizin’f an ltra-
sound field, the present U.S. standards
on this subject are expressed maostly in
termas. of another quantity, the acoustic
intensiiy An ultrasound tield possesses
meonsiic enérgy, which tends to flow
outward from the source, The acoustic
intensity at a point gives the rate at
which acoustic energy crosses unit area
of animaginary surface, the latter being
perpendicular to the flow at the point
in question, Under many, but not all,
conditions the infensity is propertiongl
1o the square of the-acoustic’ pressure.

Unfocused fields; generated by
devices used for therapy, are generally
characterized by specitying the. time-
averaged infensity, spatially averaged
over the transducer area.

A focused ultrasound field produced
by a diagnostic device 1 usually char-
acterizef by specifying the intensity at
the spatial peak, which occurs in the
focal region. Two measures of the
spatial peak intensity are given; one is
averaged over the duration of a single
pulse (typically only a few microse-
conds) and is called the spatial-peak
pulse-average (SPPA) intensity. The
other Is averaged over all time, includ-
in%sthe rather long intervals between
pulses; this Is the spatial-peak tsmporal-
average (SPTA) tntensity,

In addition to these intensities, the
acoustic power Is often used to charac-
terize an ultrasound source. The acoustic
power of a source is the total rate at
which acoustic energy is transmitted
from the source into the medium.

Table 2 shows ranges of values for
these quantities that apply to commer-
cial equipment used in medical ulira-
sound; thoge for therapy equipment are
from References 2 and 6; while those
for pulse-echo and Doppler equipment
are from References 7 and 1(.;2. alues
for the power generated by therapy
units are higher than those for diagnos-
tic units. The ran%i:s for Doppler units
extend. to higher mits of powsr and
intensity than those for pulse-echo
devices. Also, SPTA (spatial-peak
temporal-average) intensities for
Doppler and, w a lesser extent, pulse:
echo equipment extend. into the range
for average intemsities applicable to

‘therapy. However, the Doppler intensi-
-ties apply only in a small focal region,
while the therapy intensitiey. apply over

the cross section of 3 beam whose area

-is typically & hundred times larger than

that of a focal region. The diftererices
in biological effects between exposures
of small focal reglons and exposures of
much larger regions have not bean well
defined, L : o
Theihtensities characteristic of thera-
peutic ultrasound can be, and often are;
gh enough (deliberately) to produce
a modest ‘emount of temperature
elevation: For diagnostic équipment the
temperature risé produced is often very

-small and of-little. consequence, How-

gver, some degree of overheating might
result if in ithe course of a research
investigation; the exposure parameters
werg to excesd those used in nornal
practice; For example, excess heating
might oceur if & beam of relatively hig
SPTA intensity were employed and/or
if it remainéd foeused.on a given réﬁ?n
of tissue foran extended period of time.
Sirilarly, there’ i no “eviderice of
significant cavitation effects produced
in the body under conditions indicated

In Table 2 as typleal of diagriostic

uitrasound. However, it is possible that

harmful cavitation would pccur if the
intensity or peak acoustic pressure were
w exceed values normally used.

Statements and Recommendations
from Professional Groups

Thé range of values.given in Table
2 may: be compared with information
available on intensity levels at which
biological effects have been observed.
In experiments with laboratory mam-
mals in vivo a variety of endpoints have
been investigated, Positive results have
been observed for a range of intensities
and. exposure times. Based on these
studies, it has been possible to arrive
at a generalization applicable to all such
resuits which have been independently
confirmed. This generalization,
expressed in the form of a Statement,
was approved by the American Institute
of Ultrasound (ATUM). This and other
Statements of the ATUM are presented
and discussedin Reference 10, (See box

- forthe “mammalian i1 vivo” Statement

on page 4.}

A number of caveats were published
along with this Statement, including the
follewing:

& Most of the data apply to mammals

¢ 6f commercial
s well as. equipment for
¢ medicine. Data, for-therapy .
- ; rd_f N W :




Statement on Mammalian Ig-Vivo
“Ultrasonic Biological Effects

August 1976

Raviéed Qctober 1978; REafﬁfméd-:Octéber, 1982

In the low megahertz frequency range there have been (as of t'h_is'date) no

independenﬂzlconfirm‘ed sign
exposed to

cant biological effects in mamrmalian tissues
rensities* below 100 mW/cm? Furthermnore, for -witrasonic

exfposurc times** less than 500 seconds and greater than one second, such
efte

cts have not been demonstrated everi at

gherintensities, when the product

of intensity” and exposure time™ is less than 50 joules/cmi,

“Spacial peak temporal average as measured in a free field in water,

*Total time; this includes. of
regime. L

other than man, and it is not clear how

ig relate them to the human situaticn.

¢ Most experiments have not been
répeated by independent investigators.
Little research tas been done with
-repeated short pulses such as would bé
most relevant to diagnostic ultrasound.
¢ The Statement carries a.date and
the committee is aware that exceptions
might be found in future experiments.
® The Statement applied to data for
mammals only and does rigt pertain to
plants or to in vitro experiments.
® The Statement does not, in its@l%
imply specific advice on “safe levels
which might be universally valid.
Determina}tgion of recommended max-
tmuin levels will require consideration
of such difficult topics. as: adequacy of
present knowle;ife of biological effects;
expected relighility of e%-uipment spec-
ifications; assessment of patient bene-
fits; and others. So far these matters
have not been treated systematically.
Although the above Statement and
accoinpanying warnings were ﬁrs‘:fub-
lished in 1976, they are stil widely
accepted. : 7
The intensity referred to In the above
Statement is the SPTA intensity defined
above and in Table 1. Also, accordins
I’)@ Table 2, thigl Sd;l'gA Ie‘{iels generate
by commercial diagnostic aqui?rmnt
extend beyond the fgo mW/cm! level.
However, copsidering typical exposure
times during diagnostic examinations,
the intensity-time product may well be
less than the 50 J/cm? valug clted.
PFurthermore, the SPTA values in
Table 2 apply only very locally in the
vicinity of a focus, while the experi-
ments on which the Statgment is based
werg done primarily with wider beams
applied to mice and other small andmals.
There is considerable reasen for
confidence in the safety of therapeutic
and diagnostic ultraseund as usuvally
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time as well as on time for a repeated—pulsé
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practiced.: Wﬁﬂe epidemialogical sur-

veys hayve not been carrled out for
therapeutic ‘applications, .the safety
record is:gocd. Theie are.contraindica-
tions for is use, however; and users

. should 'be acquainted with -recom-

mended procedures. For example, the
applicator should be moved constantly

: during treatment, 1o avold localized

overheating as well as other effects

assoclated. with nenuniformity in the

tissue or in the dcoustic field.7%!51¢ The
National Council of Radiation: Protec-
tioti-and Measuremients (NCRP) states,
in respect to therapeutic ultrasound;

There seenis to be no recorded
instanice of “significant harm to a
patient attributable to an nltrasound
treatment when applied according to
recommended practice. -

Several epldemiological surveys have’

dealt with didgnostic ultrasound, but
have not found convincing evidence of

any effects. After evaluating available

results, the NCRP corcluded:

There is no firm evidence that any
physiological change, beneficial or
not, is produced in patients by expo-
sure to ultrasound during a diagnos-
tic examination. '

Consistent with the above conclusion
is the statement on Clinical Safety
arrived at by the ATUM.? (See bottom
of page)!t

hat about .volunteers who are

’bgzxp()sed to diagnostic ultrasound dur-

ing the course of a research project?
The last sentence of the Cinical Safety
Statement would typically not appég to
them; if the expected personal medical
benefits are. zero, they can hardly

“outweigh the risks, since the latter must

be assumed nonzero, even though they
are small,

This question has been given serious
consideration by members of the
medical cornmunity. A staternent deal-
ing with this topic, approved recently
by the ATUM, appears in the box on
the next page.

Concerns of IRBs

In the “Safety Statement for Training
and Research’ the last sentence, in

articular, should be considered by
Institutional Review Boards (IRBs)
when reviewing research proposals in
which voluntsers are to be exposed t4
diagnostic ultrasound, While “exposure
conditions” are not defined in the
Statement, they would clearly include
the number and duration of exposures,!
as well as acoustical data of the kind
listed in Talle 2,

To comply with the ATUM recommen-
dation, investigators planning research
need to carefully consider the expo-
sures volunteers will receive in the
proposed research. If commercial
ultrasound eqm;ﬁment is to be used,
information on the acoustic power and
intensities should be supplied by the

AUM Statement on Clinical Safety

vt mab b

October 1982
Revised 1983

Diagnostic ultrasound has been in use for over twenty-five years, Given its
known benefits and recogrized efficacy for medical diagnosis, including use
during human pregnancy, the American Institute of Ultrasound in Medicine
herein addresses the-clinical safety of such use:

No confirmed biological effects an patients or instrument operators
caused by exposure at Intensities typical of present diagnostic ultrasound
instruments have ever been reported. Although the possibility exists that
such biological effects may be identified in the future, current data
indicate that the benefits to patients of the prudent use of diagnostic
ultrasound outweigh the risks, if any, that may be present.
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manufacturer.A widely accepted stand-
ard! stipulates that the acoustical data
should, st least, be providad in the
operator's manuals. It 1s recommended
'by many graupst&Hi%1? that these data
should be made available to users. The
AIUM, through its Cemmendation
procedure, publishes acoustical specifi-
catlons, as well as ather information, for
manufacturers who voluntarily inake
the information available.? .

7 It would be consistent with the ATUM
‘Safety Statement tor Traising and
Research to establish a requirement for

proposals on research in which human

volunteers: would. réceive exposure to

diagnostic ultrasound: In such a pro- -

posal infarmation should be included
on relevant acoustical parameters, and
also on the number -and duration of
exposures planned. Thegropos,alshm;ﬂd
also explain what will be done to see
-that, 25 recommended in the above
Statement, volunteers are “inforred of
the anticipated exposure conditions,

and of how these compare with con-

ditions for normal diagnostic practice.”

The ATUM Statetinent does not offer
specific advice an hew thé voluiiteers
are to be informed. The best means far
doing this depend on the circumstances.
Some individuals, as volunteers, would
benefit from detailed technical specifi-

cations but most would probably need -

to have technical material explained to
them. The following might be indicative
of a satisfaciory approach to informing
volunteers abous sxposure conditions:
If you sgree to take part as a volun-
teer -in.tﬁl-.s research you will recetve
a five-minute exposure to diagnostic

ultrasound twice weekly for ten

weeks. During each ﬁclfosura an
ultrascund transducer will be applied

1o ‘your body in the same way as is-

. done routinely to patients for pur-
poses of cvenee , However, the patient

- would typically receive only three or
four five-minute exposures, while you
will receive a total of twenty,

.. The equipment 1o be used is man-
ufactured by X, Inc., as Model No. yyy,
with which we plan to use transducer
*A215. For this ultrasoynd system the
acoustic specifications are listed
below. -, These are exactly the

. samespacifications as apply when the

~gquipment ls used to. examine
patients. - .
1t should be understood that the

1bove is given here only as an example,
and applies only to Li; ’

consent.form pertaining to the ultra-
sound exposure. For each proposal the
facts 16 present may be different. Also,

Nere are many possible choices of

anguage for conveying the required

information;

at part of the

- Safety Statement for Training and Research
- QOctober 1985

Diagnostic ultrasound has been in use for over 25 years, No confirmed adverse
biological effects on patlents resulting from this usage have ever been reported.
Although no hazard has been identifled that would preclude the prudent and
conservative use of diagnostie ultrasound in educationand research, experience
fromn normal diggnostic practice may or may not be relevant to extended
gxposure times and altered exposure conditions. It Is therefore considered
appropriate to: make the following recommendations:

In those special situations in which examination_s are to be carried out
for purposes ether than direct -medical benefit to the individual being
examined, the subject should be informed of the anticipated exposure

conditiops,, and. o
diggndstic practice:. -

-how -these compare with conditions for normal

For - some- situations: the: research
investigatars might decide that it is not
useful toinclude quantitative dcoustical
data (such as that'in Table 2) in the
consent form. Ornitting these data, or
giving only selected data, may be
appropriate if the information provided
in the comsent form is sufficient for
makm%t}m recorpimended comia,ards_an,
ie, if the information is sufficlent for
comparing exposures the volunteer will
receive to thuse Which would be
received by a patient in normal practice.

- However, even if the consent form does

not contain quantitative acoustic data,
the - research proposal itself should
include this -information, Bnough
should be included, and discussed, to
satisfy IRB memibers that the investi-
gators ‘are- thémselves knowledgeable
about this aspéct of the research.
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